The mechanism by which palmitoyl-CoA inhibits Ca2+ uptake in liver and heart mitochondria was examined. At a given concentration of palmitoyl-CoA, the extent of inhibition is inversely related to the concentration of the respiratory substrate succinate. Palmitoyl-CoA inhibition of uncoupler-stimulated respiration and respiration stimulated by ionophore-A23187-induced Ca2+ cycling is also relieved by high succinate concentrations. These effects of palmitoyl-CoA and succinate concentration are distinct from the increase in inner-membrane permeability, which can be produced by palmitoyl-CoA and Ca2+ [Beatrice, Palmer & Pfeiffer (1980) 
Long-chain acyl-CoA esters are also known to be inhibitors of the adenine nucleotide, dicarboxylate, tricarboxylate and phosphate carriers (Halperin et al., 1972; Harris et al., 1972; Vaartjes et al., 1972; Morel et al., 1974; Shrago et al., 1974) . Substratetransport experiments using de-energized mitochondria have demonstrated that palmitoyl-CoA competitively inhibits the dicarboxylate and phosphate carriers at very low concentrations, with apparent K1 values of 7.1-9.5,M and 25,M respectively (Morel et al., 1974) . In addition, it is known that phosphate can stimulate the rate of Ca2+ uptake by mitochondria (see Bygrave, 1977, for review) and that the maximal rate of Ca2+ transport is limited by the maximal rate of electron transport Heaton & Nicholls, 1976) . Together, these findings suggest an alternative mechanism for the inhibitory effect of palmitoylCoA on Ca2+ uptake, namely that it results from diminished respiratory-substrate and/or phosphate transport. To investigate this possibility, we have examined the relationships between the extent of inhibition of Ca2+ and of electron transport and the effect of succinate and phosphate concentrations on these parameters. The results indicate that this is indeed the mechanism of the inhibition of Ca2+ uptake produced by palmitoyl-CoA.
Experimental
Liver mitochondria were prepared from male Sprague-Dawley rats weighing approx. 250g. The procedure of Johnson & Lardy (1967) was employed, with modified media. The homogenization medium contained 0.23M-mannitol, 0.07M-sucrose, 3 mM-Hepes [4-(2-hydroxyethyl) 1-piperazine-ethanesulphonic acid; Na+ salt], pH 7.4, 0.2mM-EGTA (Na+ salt) and fatty acid-free bovine serum albumin (4mg/ml; product no. A6003; Sigma Chemical Co., St. Louis, MO, U.S.A.). EGTA and bovine serum albumin were omitted from the washing and experimental media. Interfibrillar rat heart mitochondria were prepared by the procedure of Palmer et al. (1977) , except that 3mM-Hepes (K+ salt) was substituted for 5 mM-Mops (4-morpholinepropanesulphonic acid) in the isolation medium.
The experimental medium at pH 7.4 contained 0.23 M-mannitol, 0.07 M-sucrose, 3 mM-Hepes (K+ salt) and 1.7 mM-potassium phosphate. All experiments were conducted at 250C with rotenone present at 0.5 nmol/mg of protein. The mitochondrial protein concentration was 1.0mg/ml. Protein concentrations were determined by the biuret reaction in the presence of 1% deoxycholate, by using bovine serum albumin standards. Additions to the basic medium are described in the Figure legends. Ca2+ uptake was followed in the dualwavelength spectrophotometer (Aminco-Chance DW 2A) by using the cationic indicating dye antipyrylazo III [bis-(4-antipyrylazo)-4,5-dihydroxynaphthalene-2,7-disulphonic acid] with the wavelength pair 720-790nm (Scarpa et al., 1978 (Fig. la) , palmitoyl-CoA at 2 and 6 nmol/mg of protein drastically decreases the rate of Ca2+ uptake as compared with the control. With ascorbate/NNN'N' -tetramethyl-p-phenylenediamine as substrate (Fig. lb) , palmitoyl-CoA at 2nmol/mg of protein has no effect on the rate of Ca2+ uptake and at 6nmol/mg of protein only slightly retards it. These findings suggest that the inhibition of Ca2+ uptake produced by this agent results from an inhibition of succinate utilization.
If the inhibition of Ca2+ uptake results from a competitive inhibition of succinate transport or succinate dehydrogenase, the extent of inhibition should be inversely related to the succinate con- is most effective at low succinate concentrations supports the involvement of competitive inhibition. The possibility that these effects of palmitoyl-CoA and succinate occur through direct actions at the level of succinate dehydrogenase is considered unlikely, since the inhibitor does not readily enter the matrix space under these conditions (absence of carnitine), and since previous studies have failed to reveal inhibition of succinate dehydrogenase by this compound (Rydstrom, 1972) . The possibility that palmitoyl-CoA is inhibiting succinate dehydrogenase indirectly by promoting an increase in the mitochondrial oxaloacetate content is also unlikely, as further discussed below.
The extent to which increased succinate can overcome the palmitoyl-CoA inhibition of Ca2+ uptake depends on the phosphate concentration. As succinate is increased to 20mm, the Ca2+-transport rate in the presence of 2nmol of palmitoyl-CoA/ mg of protein and 0.5 mM-phosphate approaches the control value ( Fig. 2a) , but in the presence of 0.2mM-phosphate it does not (Fig. 2b ). These data suggest that competitive inhibition of phosphate transport by palmitoyl-CoA is also involved in the mechanism of inhibitibn of Ca2+ uptake. This could be a consequence of the ability of phosphate to (Lehninger et al., 1967; Reed & Bygrave, 1975) , or it could also represent enhanced succinate uptake because of increased intramitochondrial phosphate concentrations (Chappell & Haarhoff, 1967; Chappell, 1968) . The slight inhibition of Ca2+ uptake produced by 6 nmol of palmitoyl-CoA/mg of protein with ascorbate/ tetramethylphenylenediamine as substrate (Fig. lb) may also result from partial inhibition of the phosphate carrier.
The palmitoyl-CoA-induced decrease in the rate of succinate transport (electron transport) with succinate as the respiratory substrate is shown more directly by its inhibition of uncoupler-stimulated respiration (Fig. 3) . A higher concentration of the agent is required to produce a given extent of inhibition when the succinate concentration is increased (Fig. 3a) . As was seen for the rate of Ca2+ uptake, inhibition of electron transport produced by palmitoyl-CoA at 2.Onmol/mg of protein is also progressively reversed by increased succinate concentration (Fig. 3b) . Competitive inhibition of the dicarboxylate carrier (Morel et al., 1974) can account for the ability of high succinate concentrations to overcome the palmitoylCoA inhibition of electron transport, and the similar concentration-dependence for reversal of the two types of inhibition is consistent with a common mechanism.
The data in Figs. 4 and 5 examine the relationship between the inhibition of Ca2+ uptake and succinate transport (electron transport) in more detail. Ionopore A23187 activates succinate oxidation in mitochondria by establishing, together with the endogenous Ca2+ uniporter, a cyclic flux of Ca2+ across the inner membrane, dissipating the electrochemical proton gradient (Reed & Lardy, 1972; Pfeiffer et al., 1976) . Thus elevated respiration induced by ionophore A23187 is ultimately due to Ca2+ transport. Fig. 4 Fig. 3 . Effect of palmitoyl-CoA and succinate concentrations on dinitrophenol-stimulated respiration in rat liver mitochondria (a) Liver mitochondria (1.0mg of protein/ml) were preincubated for 1.5 min in 0.23M-mannitol, 0.07M-sucrose, 0.5,uM-rotenone, 3mM-Hepes (Na+ salt), pH7.4. Tris/succinate was in the medium at: A, 10mM; *, 2.5mM; *, 1mm. Then O.1mM-dinitrophenol was added at 1.5min and palmitoyl-CoA at 3min. (b) Tris/succinate was in the medium as indicated; 0.1 mM-dinitrophenol was added at 1.5 min and 2nmol of palmitoyl-CoA/mg of protein at 3 min. Other conditions were as in panel (a).
which is sufficient to produce only approximately one-half of the maximal uptake rate. These conditions would be most sensitive to any change in the affinity or activity of the endogenous transport system for Ca2+. As shown in Fig. 5 
Effects ofpalmitoyl-CoA in heart mitochondria
Since the effect of palmitoyl-CoA on energylinked Ca2+ transport has primarily been investigated in heart mitochondria (Asimakis & Sordahl, 1977; Harris, 1977; Wolkowicz & Wood, 1980) , we also examined the mechanism of inhibition in rat heart mitochondria. Only interfibrillar mitochondria were studied, since the apparent K1 of palmitoyl-CoA inhibition of Ca2+ uptake was identical for both interfibrillar and subsarcolemmal mitochondria (Wolkowicz & Wood, 1980) . Unlike liver mitochondria, the maximal rate of Ca2+ uptake by these mitochondria appears to be slower than could be supported by the potential rate of electron transport (J. W. Palmer, unpublished work). However, the inhibitory action of palmitoyl-CoA on Ca2+ uptake (Fig. 6a) , on respiration stimulated by ionophore-A23 187-induced Ca2+ cycling (Fig.  6b) and on uncoupler-stimulated respiration (Fig.  6c) chondria, the primary site of action of the inhibitor is again the dicarboxylate carrier.
Relationship between inhibition of Ca2+ uptake and the induction of Ca2+ release produced by palmitoylCoA Palmitoyl-CoA not only affects Ca2+ uptake, but also induces Ca2+ release from Ca2+-loaded mitochondria (Asimakis & Sordahl, 1977;  Harris, 1977; Wolkowicz & Wood, 1979 . Although kinetic studies have suggested that these two effects are separate and distinct (Wolkowicz & Wood, 1980) , this point must be considered in detail, because it is critical to the mechanism proposed here. The release of Ca2+ produced by palmitoyl-CoA is accompanied by an oxidation of nicotinamide nucleotides (Wolkowicz & Wood, 1979 , analogous to the oxidation which occurs with other agents that cause Ca2+ release.
Some investigators have proposed that the oxidation of nicotinamide nucleotides is the cause of Ca2+ release, implying that it could occur before Ca2+ release (Lehninger et al., 1978b collapse of the mitochondrial pH gradient (Beatrice et al., 1980) . A similar situation is apparent in heart mitochondria (J. W. Palmer & D. R. Pfeiffer, unpublished work). Several factors indicate that this increase in permeability is not involved in the phenomena being studied here. Important points in this interpretation are that the increase in inner-membrane permeability produced by Ca2+ plus palmitoyl-CoA is dependent on the accumulation of exogenous Ca2+ (to activate the phospholipase; Beatrice et al., 1980; Pfeiffer et al., 1979) and that the increase in permeability occurs after a lag time which represents the time required for the products of phospholipase reaction to accumulate. The endogenous Ca2+ (approx. 5 nmol/mg of protein) is below that required to activate the enzyme significantly, and the concentrations of palmitoyl-CoA employed (2-8 nmol/mg of protein) are too low to increase permeability through a general detergent effect (Beatrice et al., 1980; Wolkowicz & Wood, 1980) . In Figs. 1, 2 and 6(a) of the present paper, the Ca2+-uptake rates were obtained from the early portions of the experiment before appreciable Ca2+ was accumulated and before the lag period for the permeability increase had passed. Similar experiments (results not shown) demonstrated that the nicotinamide nucleotides remained reduced during this time, as expected. The data are thus uptake rates for mitochondria which are still intact and which retain a low NAD(P)+/NAD(P)H ratio. For Figs. 3, 4, 5, 6(b) and 6(c) the data were obtained either in the absence of added C a2+ or in the presence of excess ionophore A23187, which prevents net Ca2+ uptake. Since these conditions also prevent the increase in permeability, these rates also represent activities of intact mitochondria. It is thus clear that the inhibition of Ca2+ uptake produced by palmitoyl-CoA and its relief by increased succinate concentration is not dependent on changes in membrane permeability or on the oxidation state of nicotinamide nucleotides. Accordingly the oxaloacetate-succinate dehydrogenase explanation appears unlikely.
A final point considers the mechanism by which the local anaesthetics nupercaine (dibucaine) and butacaine decrease the rate of Ca2+ uptake by mitochondria (Harris, 1977) . Since these agents can inhibit the dicarboxylate transporter (Barritt, 1979) , their inhibition of Ca2+ uptake may also be due to their interaction with this carrier.
